Vegetation is a useful matrix for the quantification of atmospheric pollutants such as semi-volatile organic compounds (SVOCs). In particular, pine needles stand out as effective biomonitors due to the excellent uptake properties of their waxy layer. Having previously validated an original and reliable method to analyse pesticides in pine needles, our workteam set the objective of this study to determine the levels of 18 pesticides in Pinus pinea needles collected in 12 different sampling sites in Portugal. These compounds were selected among a total of 70 pesticides by previous chemical scoring, developed to assess their probability to occur in the atmosphere. The risk of exposure was evaluated by the binomial chemical score / frequency of occurrence in the analyzed samples. Levels and trends of the chemical families and target of the pesticides were 2 obtained regarding the type of land occupation of the selected sites, including the use of advanced statistics (principal component analysis, PCA). Finally, some correlations with several characteristics of the sampling sites (population, energy consumption, meteorology, etc) were also investigated.
Introduction
Pesticides play an important role in modern agriculture ensuring stable and predictable food supplies and high productivity. The European Union Pesticide Database lists 1297 active ingredients that are commercialized in whole range of commercial phytosanitary products (EUPD, 2013 ).
Portugal, due to favourable climatic and geographic conditions, possesses a great variety of agricultural activity and therefore, a relevant number of associated phytosanitary problems, which require the use of a great diversity of pesticides to control them. Currently, 907 phytopharmaceutical products comprising 248 active substances are authorized for use by the Portuguese National Authority for Animal Health, Phytosanitation and Food (Portuguese National Authority for Animal Health, Phytosanitation and Food, 2013) . In 2005, the total amount of active ingredients reported to be sold was 16,353 t (Vieira, 2012) .
Due to their inherent toxicity, pesticides may affect non-target organisms, causing undesirable side-effects on some species, communities or the ecosystem as a whole (van der Werf, 1996) . Their intensive use led to ubiquitous contamination of key environmental compartments such as water, soil and air (Belden et al., 2012 , Coscollà et al., 2010 Köck-Schulmeier et al., 2014; Lamprea and Ruban, 2011; Marcomini et al., 1991; Sarigiannis et al., 2013; Stangroom et al., 2000; Yusà et al., 2009 ). Input vectors may be the application of phytosanitary products onto farming or forestry areas (Asman et al., 2005) , volatilization from the surface of soil, water and vegetation (Bidleman, 1999) or even from thermal waste treatment (incineration) of contaminated waste (Breivik et al, 2004) .
Being mostly organic compounds, pesticides may therefore be degraded by biotic or abiotic processes. Biotransformation of pesticides is carried out by living organisms (such as bacteria and fungi) and involves numerous biochemical transformation reactions, such as biodegradation, cometabolism and synthesis (Chaplain et al., 2011) . Abiotic degradation is due to chemical or photochemical reactions. Chemical processes may be hydrolysis (eventually catalysed by acids, bases or metal ions), or redox reactions. Photolysis on the other side, may be direct when the pesticide absorbs light and undergoes transformation or indirect when other chemical species become electronically excited due to photon absorption and react with the contaminant (Zeng and simultaneously in mechanistically complex processes (Krieger, 2001 ).
The effects of these and other contaminants must be continuously monitored, and vegetation is a useful matrix for the assessment of these airborne pollutants. As opposed to other passive samplers, monitoring using vegetation avoids previous sampling site set-up since they may act as "biological loggers" of pollution. Furthermore, the use of vegetation is the best tool for estimation of the atmospheric contamination levels at remote or poorly accessible locations. In particular, pine needles stand out as effective biomonitors due to the excellent uptake properties of their waxy layer (Xu et al., 2004) . The needles surface is constituted by a thick cuticle (di-and trihydroxy fatty acids) and a cuticular wax (lipids, free fatty acids, n-alkanes, n-alkenes, primary alcohols, α,ω-diols, ketones, and ω-hydroxyacids) (Dolinova et al., 2004; Klánová et al., 2009 ). The epicuticular wax layer acts as a barrier between the plant and its environment, protecting the plant against ultraviolet radiation, desiccation and possible attacks from pathogens. Low and medium polar compounds have a high affinity towards this wax layer due to their chemical composition and, therefore, they are effectively entrapped for several years. Different studies prove that pine needles are effective in the quantification of several semi-volatile organic contaminants such as polycyclic aromatic hydrocarbons (PAHs) (Amigo et al., 2011; Piccardo et al., 2005; Ratola et al., 2010; Tremolada et al., 1996) , polybrominated diphenyl ethers (PBDEs) , polychlorinated biphenyls (PCBs) (Grimalt et al., 2006) or organochlorine pesticides (OCPs) . Recently, our work group developed and validated an analytical method to assess pesticides of several chemical classes. This allowed the establishment of the current study, aiming to assess their environment behaviour on a larger scale (Araújo et al., 2012) .
Using appropriate correlations, it is possible to estimate pollutant pesticides concentrations in several environmental matrices and estimate their environmental impact. Although a holistic approach comprising all pesticides would be desirable, limited resources (time, analytical capacities etc.) makes this approach hardly possible. Therefore, a judicious selection of the pesticides to be monitored should be done in order to prioritise research efforts to the most relevant ones. Chemical 5 scoring and ranking is a useful method to make this kind of prioritisation. Several models have been developed, most of them based on physicochemical but also toxicological properties of the compounds, although lack of data is often a limitation to their application (Juraske et al., 2007; Snyder et al., 2000) . In this work a simple chemical scoring methodology was developed in order to identify potentially relevant pesticides. The ranking list, together with the capabilities shown by the methodology reported by Araújo et al. (2012) , were used to implement a monitorisation plan employing pine needles collected in areas of different land occupation. Data obtained from monitorisation was also combined with the results of chemical scoring in order to assess the risk of exposure. Levels, trends and relationships with some characteristics of the pesticides and of the sampling sites were investigated, including the use of principal component analysis (PCA) to assess the environmental impact of these compounds.
Materials and methods

Chemical scoring strategy
In this study, a simple chemical scoring methodology was developed to identify a reduced number of pesticides considered "potentially relevant" in the air compartment and, therefore, reduce the analytical efforts for further monitoring.
Seventy pesticides were chosen for this study on the basis of sales volumes in the Portuguese market (Vieira, 2005) . Among them, some of the most relevant pesticides revealed in the prioritisation were chosen to be monitored using pine needles as passive bio-samplers, since this matrix reflects the levels existing in the atmosphere. Unfortunately, due to logistic and budget constraints, it was not possible to include in the study all the pesticides with the highest scores, leading to the selection made in the end. A database including all the data identified as necessary to carry out the chemical scoring process was compiled. Data was collected from (Q)SAR modelling software EPI Suite (EPA, 2011)
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The ranking of the compounds was established according to their physicochemical properties.
The criteria used to rank the persistence of pesticides in air are summarised in Figure 2 . Three main criteria were defined taking into account the probability of pesticides to occur in the air compartment: air persistence, volatilisation potential (water-air and soil-air) and deposition potential. Scores for each criterion were assigned between 1 (low probability of occurrence in air) and 5 (very high probability). The atmospheric persistence of the compounds was evaluated by their half-life time in air (t1/2). The values were estimated based on reactions with hydroxyl radicals and ozone. According to this chemical scoring methodology, compounds with t1/2 air in the range of hours are short-lived in air (low score) and those present for longer than 40 days are considered extremely persistent (IEH, 2004) . The Henry's law constant (Hc'), defined as the ratio of a chemical's concentration in air to its concentration in water at equilibrium (dimensionless form), was used to determine the tendency to volatilise from the aqueous to the gas phase. As can be seen in Figure 2 , compounds with Hc' values above 10 -6 are susceptible to volatilisation, while those with values below 10 -7 are considered non-volatile (IEH, 2004; Van der Werf, 1996) . The volatilisation potential from soil to air was evaluated by the partitioning coefficient soil-air (KSA). This parameter was estimated according to the following equation (Guth et al., 2004) :
where r is the weight of soil/weight of water (for these calculations, a ratio of 6 was used corresponding to a soil moisture of approximately 17%), kd is the distribution coefficient characterising the partitioning of a chemical between soil and soil-water and Hc' is the dimensionless Henry's law constant. The parameter kd was calculated from KOC, the chemical partitioning coefficient between the organic carbon in soil and the system soil-water (L kg -1 ) (Guth et al., 2004) :
where % OC is the organic carbon content of the soil (it was considered 2.0% due to the average content determined in Portuguese soils) and 1.724 the conversion factor for soil organic carbon in soil organic matter (Rusco et al., 2001) .. The criteria used to classify the volatilisation potential from soil to air of pesticides using the log KSA is described in Figure 2 (Davie-Martin et al., 2013),
i.e. pesticides with log KSA<6 have relatively low affinities for the soil phase and therefore, have a greater ability to volatilise (highest score). In contrast, pesticides with log KSA>8 exhibited strong adsorption to soil and low volatilisation potential. Finally, the deposition potential was evaluated by the pesticides fraction sorbed to airborne particles (Φ). This parameter was calculated from the Mackay adsorption model (Harner and Bidleman., 1998) :
where kpa is the particle-gas partition coefficient (m 3 μg -1 ) and TSP is the total concentration of suspended particles (μg m -3 ). In this case, a value of 80 μg m -3 was considered. The kpa was determined by the following equation (Boethling et al., 2004) : where P s l is the saturation liquid-phase vapour pressure of the compound (Pa). This parameter was estimated by the EPI Suite software (EPA, 2011) . According to these criteria (Figure 2 ), if the fraction sorbed to airborne particles is more than 90%, deposition is very high and therefore, the probability of the pesticide be found in air is very low. On the other hand, if the Φ is lower than 10%, the pesticides have low deposition potential and may remain in the atmosphere.
A simple additive ranking (SAR) method was used, considering equal weights for each criterion and the individual scores assigned to each criterion were added to produce an overall score (max. score = 20) . This approach was chosen due to the lack of information regarding the relevance of each criterion of this complex system and in order to avoid ranking bias by assigning inappropriate 8 weight factors. Pesticides falling into the 'Very high ' (score 17-20) and 'High' (score 14-17) ranges were considered to have the greatest potential to remain in the air after use. Compounds with scores between 10 and 14 can moderately remain in air, while a score of 7-10 ('Low') and 4-7 ('Very low') do not tend to stay in this matrix.
Risk of exposure
The risk of exposure consists of a combination of two factors: first, the probability of the pesticide to occur in the air due to its physico-chemical properties (previously evaluated by the chemical scoring procedure) and secondly, by its real presence in the air (measured by the pine needles monitoring). In order that the risk of exposure becomes effective, both factors must occur simultaneously, i.e., a pesticide may have a high chemical scoring and therefore a high probability to exist in the air, but when no samples are positively detected for this compound, it does not constitute any potential risk. 
Extraction and analysis of pine needles
The analytical methodology employed in the current study has been described previously (Araújo et al, 2012) . In brief, five grams of needles (cut into 1 cm bits) were inserted in a glass tube, spiked with the internal standard (100 µg L -1 ) and extracted in a 360 W Selecta ultrasonic bath (J.P.
Selecta, Barcelona, Spain) for 10 minutes with 30 mL acetonitrile. This procedure was repeated three times, with fresh solvent. The sonicated extracts were combined and then reduced to about 0.5 mL in a rotary evaporator and purified following a clean-up procedure using 500 mg of ENVI 18 cartridges, conditioned with 5 mL of acetonitrile. The samples were then eluted with 50 mL of acetonitrile and the extracts reduced to 0.5 mL and transferred to 2-mL amber glass vials using dichloromethane. Finally, extracts were blown-down to dryness under a gentle nitrogen stream and reconstituted in 1 mL of acetonitrile.
Quantification was done by gas chromatography-mass spectrometry (GC/MS), using a Varian 3800 GC coupled with a Varian 4000 Ion Trap Mass Spectrometer (Lake Forest, CA, USA)
injecting 1 µL of sample in splitless mode, under a helium (99.9999%) flow rate of 1.0 mL min -1 .
The GC column was a FactorFour VF-5MS (30 m x 0.25 mm ID x 0.25 µm film thickness) also from Varian, and the temperature program started at 60 ºC (held for 1 min), then was raised at 50 ºC min -1 to 160 ºC, at 2.5 ºC min -1 until 200 ºC, to 250 ºC at 50 ºC min -1 , to 270 ºC at 2.5 ºC min -1 and finally to 300 ºC at 50 ºC min -1 . Acquisition was performed under in selected ion storage (SIS) mode and the temperatures of the trap, transfer line and manifold were 200 ºC, 250 ºC and 50 ºC, respectively.
Quality assurance/quality control
The limits of detection (LODs, calculated by the signal-to-noise ratio) ranged from 0.13 to 5.56 ng g -1 (dry weight) for trifluralin and ametryn, respectively, in line with similar approaches applied to related compounds (Martínez et al., 2004; Ratola et al., 2009 following the common procedure in biomonitoring studies when recoveries are not very low.
Procedural blanks (only solvent spiked with the deuterated standards with no needles throughout the whole extraction/clean-up/analysis process) were done periodically, but the values for the concentration of the target compounds were below the LODs.
Results and discussion
The target pesticides chosen for this study cover a range of five chemical families (organophosphates, triazines, dinitroanilines, chloroacetamides, carbamates) and three main functions (herbicides, insecticides and acaricides), and were selected after a chemical scoring procedure.
Chemical scoring of pesticides
The objective of the chemical scoring was to classify a series of pesticides according to their 'relevance' in the atmosphere. A total of 70 pesticides were included in this prioritisation scheme (about 40% herbicides, 35% acaricides and insecticides and 25% fungicides), and the results can be seen in Table 1 . Overall, 4 pesticides were classified as of 'Very high' relevance in air, 7 as 'High', 31 as 'Moderate', 21 as 'Low' and 7 as 'Very low'. The pesticides lacking the potential to reach/travel/remain in the air do not require a thorough monitoring in this compartment and, therefore, only those classified as 'Very high', 'High' or 'Moderate' are of main interest for the current study. However, due to the large number of compounds within this classification, only 18 pesticides were chosen to be monitored (cf. highlighted lines in Table 1 ), taking also into account the analytical limitations determined by the commercial standard mixtures available and the previous method validation in the research group (Araújo et al., 2012) . This is why malathion, although ranked of 'Low' relevance in air, was also included in the monitoring scheme.
Levels and trends of pesticides in pine needles
The levels of individual and total pesticides for the 12 sampling points chosen are shown in Table   2 . Results indicate values of total pesticides between 18.8 ng g -1 (dw) in Coimbra, an urban area, and 56.0 ng g -1 (dw) in Loulé, a rural site. Comparing to another typical SVOC pollution marker, PAHs, these levels are an order of magnitude lower than those found for the same sites (Ratola et al., 2010) . Several pesticides were not detected in any location. Individually, the compound with the highest mean concentrations was prometryn, with 11.2 ng g -1 (dw), with a sample maximum of 21.6 ng g -1 (dw) detected in Loulé. Molinate, ametryn and pirimicarb, followed, ranging from 3.0 to 7.1 ng g -1 (dw).
The information available in literature about levels of these pesticides in pine needles is almost inexistent. Still, it is interesting to realise that the detected levels of total pesticides follow the . These levels are in line with those from the current study. Individually, however, the trends presented some differences, with the most detected compound being ametryn (29.2%), followed by malathion (17.9%), molinate (16.4%) and prometryn (10.7%). In the other two similar studies found, Aston and Seiber (1996) reported higher concentration ranges than in the present work for diazinon (8-18 ng g -1 , dw) and for chlorpyrifos (14-30 ng g -1 , dw) in P. ponderosa needles. Being these studies done in a different continent (North America), it is plausible that the pesticides used can vary, given that also the crops can be different.
The same authors also monitored simultaneously chlorpyrifos in air and pine needles (Aston and Seiber, 1997 ) and levels were 10-85 ng g -1 (dw) in pine needles and 0.12-180 ng m -3 in air.
Considerably more information on the levels of these pesticides in the nearby air would be needed -3 ), respectively. This may be due to the high using rates and frequencies of these pesticides (Belden, 2012) . As can be seen, the global distribution of these pesticides in the atmosphere is variable with the region of study.
Other types of pesticides have been reported in pine needles (such as HCB, HCHs, DDTs and chlordanes) their concentrations reached 76.1 ng g -1 for individual compounds, in this case lindane ), yet remaining within the magnitudes shown in the present study.
Considering the pesticides in terms of chemical families, it can be seen ( Figure 3 , top left) that triazines predominate, followed by carbamates (both account to more than 80% of the total pesticides in each site). This can be the reflection of the pesticides sales in Portugal. In 2003, triazines and carbamates accounted for almost 60% of the total sales (Vieira, 2005) , and only for
OPPs is this correspondence not entirely verified. The incidence of these pesticides in the studies sites only reached a maximum of 20%, and their sales share in 2003 was of 37% (Vieira, 2005) .
Dinitroanilines and chloroacetamides show the lowest presence in the pine needle samples, usually fewer than 5%. It is important to note that the use of such pesticides in the 90s was quite intensive, and its use declined over the past few years due to severe restrictions imposed by the EU legislation.
In fact, some pesticides have been banned and, therefore it is normal that the sales may have changed accordingly.
The trends by land occupation show that, in average, there is a predominance of the pesticides load in rural areas (41.2 ng g -1 , dw), followed by industrial (32.1 ng g -1 , dw) and urban ones (24.6 ng g -1 , dw), as indicated in Figure 3 As to the target types of the pesticides, Figure 3 (bottom left) clearly shows the dominance of herbicides, with 65 to 95% of incidence in the sampling sites. This also reflects the sales trend, with herbicides having 83% of the combined total for herbicides, acaricides and insecticides in 2003 (Vieira, 2005) . Furthermore, considering the pesticides sold by area of agricultural land, in 2007
herbicides accounted for 0.58 kg ha -1 and insecticides and acaricides with a total of 0.35 kg ha -1 (INE, 2013) . Considering the land occupation, the scenario is similar (Figure 3 , bottom right) and 14 the differences between site types are not profound. Still, acaricides have a stronger incidence in urban areas, which is admissible given the use of these pesticides in households for pest control.
Herbicides, on the contrary, have the lowest urban presence, although the total incidence still shows a very high percentage (above 70%). The fact that the industrial sites studies are surrounded predominantly by rural areas instead of large urban settings is probably reflected in the clear similitude of industrial and rural trends in this case.
Risk of exposure
As mentioned before, the risk of exposure depends on the product of two factors:
physicochemical properties that define the probability of the pesticide to occur in the air and their field presence as detected by the pine needles monitoring. As can be seen in Figure 4 , maximum exposure risk results from the combination of a high chemical score and a high frequency of detection, while minimum risk is associated to the opposites, low chemical score and very low or no frequency of detection. Figure 4 shows that molinate presents the highest risk of exposure. This is due to a very high chemical scoring (17) combined with a high frequency of occurrence, as it was detected in all analysed samples. In fact this was the pesticide with the second highest total and average concentration levels (85.2 ng g -1 and 7.1 ng g -1 , respectively). On the other hand, trifluralin, also with a very high chemical scoring (18), represents only a low risk as it was detected in only one sample and at the lowest concentration of all detected pesticides (0.16 ng g -1 ). The low occurrence and concentration may be explained by its declining use, but also due to its extensive half-time in soil which reduces atmospheric emissions (Belden et al, 2012) . Another explanation for this may be the fact that trifluralin undergoes direct photodegradation which reduces its occurrence in the atmosphere (Zeng and Arnold, 2013 The main conclusion that can be drawn is that physicochemical properties of pollutants, even if combined through a chemical scoring methodology, are not enough to reflect thoroughly complex local phenomena that may occur and affect the levels of the target pollutants. Therefore, after most relevant pesticides to be monitored were chosen based on their probability of their atmospheric presence, the detected frequencies obtained by monitoring should be correlated with their respective chemical score in order to asses the effective risk of exposure to populations and environment. As opposed to active or passive air sampling, biomonitoring using pine needles exempt the need for a previous sampling site set-up and may act a "biological data loggers" of pollution as needles remain in the tree for several years.
Principal component analysis
The use of advanced multivariate statistics like principal component analysis (PCA) helps the analysis and interpretation of large multivariate data generated from environmental monitoring schemes (Terrado et al., 2006) . This technique acts as a complement of classic univariate statistics and allows the unveiling of concealed environmental information (Navarro et al, 2006) . In this case, Figure 5 shows that there is some separation in the scores plots between the site types, more visible in the plot of principal component (PC) 1 against PC 3 ( Figure 5 , bottom left) and particularly between the rural and the urban areas, which up to a point suggests different types of pesticides used in each case. In the loadings plot ( Figure 5 , bottom right), it can be seen that chloroacetamides, triazines and dinitroanilines are more strongly linked to the rural areas, whereas OPPs have an affinity towards urban settings. These findings have some correspondence with the plot of PC 1 versus PC 2 ( Figure 5 , top right), except for OPPs, which seem in this case preferentially linked to rural sites. In this case, the information provided by the dataset is not entirely conclusive, which urges the establishment of further and more complete field campaigns to monitor these and other pesticides of interest.
Correlations with geo-energetic parameters
Trying to assess some more aspects of these pesticides behaviour, some correlations with geographic, meteorological and economical parameters were attempted using the Pearson test with several levels of significance. The results are displayed in Table 3 . As can be seen, no significant correlations were found for the first ones, and only a few climatic trends, namely the total triazines with mean minimum, maximum and average temperatures and the sum of OPPs with total rainfall (p<0.10). The most significant correlations were with the mean average temperature, just like the positive trend with the total pesticides. This can be a reflection of a more extensive volatilisation of these compounds from the soils (in terms of target, the herbicides are those contributing to this relationship) into the atmosphere, favouring their entrapment by the waxy layer of pine needles. On the other hand, rainfall and temperature may have a significant importance on biotic and abiotic degradation and on the formation of non-extractable residues that influence persistence in soil and therefore reduces volatilisation (Loos et al., 2012) . For the energetic consumption, more associations can be found, namely in indicators related to urban areas, such as domestic energy consumption or urban waste production. Dinitroanilines show the best correlations overall, and in terms of total pesticides, there are positive trends with agricultural energy consumption, water use and urban waste. This suggests that pesticides can be found virtually everywhere and their use is extended to the whole territory. It is interesting to notice that the sum of the insecticides correlates positively with non-domestic and industry energy consumption, which possibly denotes the incidence of their use in offices or industrial facilities.
Conclusions
The total concentration of 18 pesticides measured in pine needles from 12 sampling sites in Portugal ranged between 18.8 and 56.0 ng g -1 (dw). Triazines were the predominant chemical family,
followed by carbamates, whereas in terms of their target, herbicides clearly rule, with 65 to 95% of the total incidence. In general, the distribution of the pesticide families in urban, industrial and rural areas showed similarities, but there was some indication that the pesticides used in each of them could be different. Their risk of exposure was established based on chemical score and occurrence frequency. Molinate, a widely used pesticide in Portugal, offers the highest exposure risk, while terbutryn, parathion-methyl, metolachlor, atrazine, propazine and simazine show a very low risk, due to their absence in the analysed samples.
In terms of the relationships with geo-economical parameters, dinitroanilines show the best correlations and the total pesticides had a positive link with the mean average atmospheric temperature with geo-economical parameters, suggesting stronger volatilisation from soils into the atmosphere in the warmer sites. Overall it can be said that pine needles can act as reliable biomonitors of the pesticides in study, but more field campaigns are needed to be able to assess their behaviour more thoroughly. < lod < lod < lod < lod < lod < lod < lod < lod < lod 0.16 < lod < lod Simazine < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod Atrazine < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod Propazine < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod Terbutylazine < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod < lod 
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